Kinetic IR spectroscopy was used to reveal ␤-sheet formation and water expulsion in the folding of single-chain monellin (SMN) composed of a five-stranded ␤-sheet and an ␣-helix. The timeresolved IR spectra between 100 s and 10 s were analyzed based on two consecutive intermediates, I 1 and I2, appearing within 100 s and with a time constant of Ϸ100 ms, respectively. The initial unfolded state showed broad amide I corresponded to a fluctuating conformation. In contrast, I 1 possessed a feature at 1,636 cm ؊1 for solvated helix and weak features assignable to turns, demonstrating the rapid formation of helix and turns. I 2 possessed a line for solvated helix at 1,637 cm ؊1 and major and minor lines for ␤-sheet at 1,625 and 1,680 cm ؊1 , respectively. The splitting of the major and minor lines is smaller than that of the native state, implying an incomplete formation of the ␤-sheet. Furthermore, both major and minor lines demonstrated a low-frequency shift compared to those of the native state, which was interpreted to be caused by hydration of the CAO group in the ␤-sheet. Together with the identification of solvated helix, the core domain of I 2 was interpreted as being hydrated. Finally, slow conversion of the water-penetrated core of I 2 to the dehydrated core of the native state was observed. We propose that both the expulsion of water, hydrogen-bonded to main-chain amides, and the completion of the secondary structure formation contribute to the energetic barrier of the rate-limiting step in SMN folding.
V
arious dynamics of polypeptides observed in protein folding are related to the different aspects of interactions between protein and water (1) (2) (3) (4) . Hydrophobic side chains and water form a van der Waals interaction in unfolded polypeptides (5, 6) . The water molecules around hydrophobic residues are considered to be mostly replaced with other hydrophobic residues in the collapse phase of protein folding (7, 8) , which occurs within several hundreds of microseconds (9) (10) (11) (12) (13) . In contrast, main-chain amides and hydrophilic side chains in the unfolded polypeptides possess much stronger electrostatic and hydrogen-bonding interactions with water (5) . It has been suggested that the dehydration of main-chain amides, required for the burial of main chains in the native proteins, should burden proteins with a significant energetic barrier for folding (5, 14) . Furthermore, a partial dehydration of amides by side chains is suggested to regulate the propensity for secondary structure formation (15, 16) . These suggestions might be related to the search phase of protein folding, which occurs after the collapse in the time domain from milliseconds to seconds and involves the formation of correct secondary and tertiary structures. A recent kinetic IR study on the collapsed folding intermediates of apomyoglobin (apoMb) identified the solvated helices that persist until the final folding phase and demonstrated the difficulty of detaching water around main-chain amides in an ␣-helical protein (14) . In this study, we observed the folding of a ␤-sheet protein, single-chain monellin (SMN), using kinetic IR spectroscopy to examine whether the slow dehydration of main-chain amides is still observable or not and to establish the roles of the amide hydration in protein folding.
IR spectroscopy has emerged as a powerful method for structural characterization of proteins during folding in real time (17, 18) . The method can monitor amide I mode, mainly attributed to CAO stretching vibration of amides, whose frequency is firstly modulated by changes in the intrinsic force constants of CAO caused by environmental effects (19) (20) (21) . The frequency is further modulated by the transient dipolar coupling between CAO groups (19) (20) (21) . In the case of antiparallel ␤-sheets, coupling, mainly between the nearest CAO groups in the adjacent strands, splits amide I into major and minor peaks at Ϸ1,630 and Ϸ1,680 cm Ϫ1 , respectively (22, 23) . Thus, the method can differentiate subtle changes in ␤-sheets by examining the splitting between the major and minor peaks and the shift in the intrinsic frequency. IR spectra are not subject to motional averaging for flexible states and are capable of characterizing transient structures by combining with various kinetic methods including solution mixing (18, 24) . Furthermore, information on the hydration structures of polypeptides can be obtained because hydrogen bonds on CAO by water cause the low-frequency shift of amide I (25, 26) . Thus, the method is suited for the investigation of secondary structure formation and the action of water in the folding of ␤-sheet proteins (27) .
SMN is a single-domain protein with 94 residues (28) and is composed of a five-stranded ␤-sheet and an ␣-helix attached on one side of the sheet (29, 30) . In our previous investigation, the folding dynamics of SMN initiated by a pH jump from 13.0 to 9.4 was characterized by small-angle x-ray scattering (SAXS), CD, and intrinsic and extrinsic fluorescence spectroscopies (11) . A significant collapse was observed within 300 s after the pH jump, leading to a conformation with a small amount of secondary structures but with an overall oblate shape. Subsequently, the stepwise formation of secondary and tertiary structures was detected in two phases with time constants of 14 ms and 1.2 s. We proposed that SMN folds along the sequential scheme with two on-pathway intermediates (I 1 and I 2 ) as in Scheme 1.
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I 1 has a native-like oblate shape, while it is slightly expanded relative to the native state (N). The small changes in the CD spectrum at 300 s compared with the alkaline unfolded state (U) suggested that stable secondary structures are not formed in I 1 . In I 2 , the protein possesses an overall dimension indistinguishable from N and a moderate amount of secondary structures. We proposed that the formation of ␤-turns and the nonspecific hydrophobic collapse are necessary to explain the rapid formation of the oblate shape within 300 s.
In this study, we characterized the equilibrium unfolding transition of SMN at alkaline pH based on various spectroscopic methods and investigated the refolding dynamics of SMN by kinetic IR spectroscopy. We developed a time-resolved IR spectrometer equipped with IR microscope and continuous-flow rapid solution mixers (14, 31) and characterized the kinetic folding process of apoMb in the time domain from 100 s to 5 ms (14) . In the current investigation we improved the device and extended the observation range to 10 s to cover the entire process of SMN folding. We assigned the hydrated ␤-sheet in the late intermediate of SMN. Furthermore, the shift in the intrinsic frequency of ␤-sheet caused by solvation is smaller than that of ␣-helix. We propose a general action of water in the folding of proteins by comparing these results with those for apoMb folding.
Results

Equilibrium Unfolding Transition of SMN.
We first characterized the equilibrium unfolding transition of SMN by CD and fluorescence spectroscopies to obtain a basis for the analysis of IR spectra. At pH 7 and 9.4, the CD spectra show a major negative peak at 216 nm characteristic of ␤-sheets and a weak positive feature at 233 nm corresponding to aromatic residues [in supporting information (SI) Fig. S1a ] (32) . The plot of the ellipticities as a function of pH (Fig.  1A) shows three transitions occurring at around pH 10, 11, and 11.6. In the transition at pH 10, small changes are observed in the regions shorter than 210 nm and at around 235 nm. In the transition at pH 11, a significant reduction in the negative ellipticity at 216 nm is observed. In the second transition at pH 11.6, a further reduction in the negative ellipticities was observed. The pK a values, the number of protons involved, and the spectra for the intermediates were estimated by a global-fitting analysis based on the three-step model (Fig. 1B , SI Text, and Table S1 ). Fluorescence titration was carried out by exciting at 290 nm. Fluorescence at this excitation mainly originates from Trp-4 and exhibits a maximum at 338 nm at pH 9.4 ( Fig. S1b) , which is blue-shifted from that of Nacetyltryptophan amide (352 nm at pH 9.4). In the first transition at pH 10, a gradual decrease in intensity was observed. In the second transition at pH 11, the red shift in the peak wavelength was observed. In the third transition at pH 11.6, a small increase in intensity was observed. The results of the global fitting analysis based on the three-step model are shown in Fig. 1C and Table S1 . Thus, the CD and fluorescence data showed a three-step unfolding in the alkaline transition. We term the equilibrium intermediates as I eq2 and I eq1 in the order of appearance in the alkaline transition.
To examine the amide I spectra of SMN under different conditions, we observed the alkaline transitions by IR spectroscopy (Fig.  2A) . The spectrum for the native (N) state at pD 9.4 overlaps the spectrum at pD 7.0 (Fig. S2c) and possesses a major peak and a minor peak assignable to the ␤-sheet at 1,629 and 1,687 cm Ϫ1 , respectively. The spectrum for the unfolded (U) state at pD 13.0 is broad and centered at 1641 cm Ϫ1 assigned to a disordered structure. The IR spectra of this alkaline U state and the unfolded state induced by 7 M 13 C-urea overlap each other (data not shown), suggesting that the alkaline U state is highly disordered. A careful examination of the region around 1,680ϳ1,700 cm Ϫ1 of the second derivative spectra shows three pD-induced transitions (Fig. S2b) . First, a low-frequency shift of the negative peak is observed at around pD 10. The negative peak grows in amplitude at pD 11. Finally, the amplitude of the negative peak decreases at pD higher than 12. The pD values of the changes are similar to those obtained in the analysis of the Trp-4 fluorescence and CD results (Fig. 1) . The transition curves observed at representative IR frequencies support three-step unfolding model (Fig. S2c ) based on which we performed global fitting with fixed n values and obtained pK a values at 10.3, 11.1, and 11.9 (Table S1 ). The calculated IR spectra for the intermediates and their second derivatives are given in Fig. 2 B and C, respectively. The peak frequencies assigned in the second derivatives are listed in Table 1 with the proposed assignments. Interestingly, both the major and minor peaks for ␤-sheet show low-frequency shifts for I eq2 and I eq1 . Furthermore, a feature for solvated helices at Ϸ1,637 cm Ϫ1 appears for the two intermediates. Thus, I eq2 and I eq1 are characterized by a low-frequency shift in the amide IЈ lines for ␤-sheet and by the appearance of solvated helix.
Kinetic Folding Dynamics of SMN.
To characterize the dynamics of SMN folding, we followed the folding after a pD jump from 13.0 to 9.4 by time-resolved IR spectroscopy. By using three continuousflow mixers, we obtained kinetic IR spectra for the folding of SMN in the time domain from 100 s to 10 s (Fig. 3A) . The absence of isosbestic points in the kinetic spectra indicates the presence of kinetic intermediates. The spectral changes were further visualized by means of second derivative spectra (Fig. S3b) . A distinct change occurs within the dead time of 150 s. Furthermore, major and minor peaks assignable to the ␤-sheet at 1,627 and 1,680 cm Ϫ1 , respectively, emerge in the time domain around 100 ms. Finally, both peaks show a high-frequency shift to the values corresponding to N in the time domain around 1 s. The changes in kinetic absorbance monitored at representative frequencies also demonstrated the changes occurring within 150 s and in the two time domains around 100 ms and 1 s (Fig. S3d) . The data suggest the formation of the initial and second intermediates within the dead time and with a time constant of Ϸ100 ms, respectively, and the formation of the native state with a time constant of Ϸ1 s.
To quantitatively analyze the kinetic data, we performed global fitting of the kinetic IR spectra based on a sequential folding model, in which the components are formed in the order of I, II, and III. We obtained two rate constants of 10.0 Ϯ 0.7 s Ϫ1 and 0.91 Ϯ 0.15 s Ϫ1 for the first and second kinetic transitions, respectively. The rate constants were slower than the reported rate constants (11) . The difference is likely attributed to the solvent isotope effect and to the difference in the detection method because the separate folding experiment detected by fluorescence spectroscopy similarly showed the decelerated rate constants of the two phases in D 2 O (32.4 and 0.99 s Ϫ1 ) compared with those in H 2 O (84.6 and 1.14 s Ϫ1 ) (Fig. S4) . The IR spectra of the three components (I-III) in the sequential model are given in Fig. 3B together with the spectrum of the U state. The spectrum of the N state is identical to that of component III. In contrast, the spectrum of component I that accumulates from 100 s to 10 ms is distinct from that of U. This difference corresponds to the burst phase, which is similarly observed in the kinetic SAXS and CD measurements (11) . These results indicate that at least two intermediates are required to explain the folding dynamics of SMN, which proceeds in three sequential phases: the conformational change within the observation dead time (150 s) and the other two phases observed in the time domains around Ϸ100 ms and Ϸ1 s. Based on the kinetic scheme proposed previously, we assign components I and II to the kinetic intermediates I 1 and I 2 , respectively.
To obtain detailed structural information for the kinetic intermediates, we calculated second derivative spectrum for each component (Fig. 3C) . The frequencies and assignments of the peaks identified in the second derivative spectra were listed in Table 1 together with the rough estimates of secondary structure contents based on Gaussian fitting on the resolution-enhanced spectra (SI Text and Table S2 ). The transition from U to I 1 accompanies the shift of the main negative peak in second derivative IR spectra from 1,641 to 1,637 cm Ϫ1 . The second derivative spectrum of I 1 further reveals negative peaks at 1,675 and 1,666 cm Ϫ1 . The weak spectral features of these peaks suggest that the structures of I 1 are fluctuating. In contrast, the spectrum for I 2 possesses a significant peak at 1,627 cm
Ϫ1
. Furthermore, the second derivative spectrum for I 2 reveals a shoulder at 1,637 cm Ϫ1 and negative peaks at 1,654, 1,666, The negative peaks observed in the second derivatives are shown. The secondary structure contents were evaluated as relative areas based on Gaussian fitting of the resolution-enhanced spectra and should be considered rough estimates. The details of the calculation are explained in SI Text and Table S2 . . Finally, the N state possesses a fully developed peak at 1,629 cm Ϫ1 . However, the feature observed at 1,637 cm Ϫ1 in I 1 and I 2 becomes weaker, and the negative band at 1,680 cm Ϫ1 in I 2 shifts to 1,687 cm Ϫ1 . Thus, the IR spectrum for the initial kinetic intermediate, I 1 , is characterized by the appearance of a solvated helix (11%) and by the absence of features assignable to the ␤-sheet. The second intermediate, I 2 , possesses the features of a ␤-sheet (37%) as well as a solvated helix (12%). The final N state possesses the increased ␣-helix (11%), the decreased solvated helix (6%), and the major and minor lines for ␤-sheet (43%), both showing a high-frequency shift compared with those of I 2 .
Discussion
We observed the kinetic folding of SMN upon a pD jump from 13.0 to 9.4 by time-resolved IR spectroscopy based on continuous-flow mixers. Observation of the entire folding process of proteins by kinetic IR spectroscopy is difficult because of the facile aggregation of proteins at the concentrations required for IR measurements. In our previous investigation we established that aggregate formation of SMN is completely suppressed by selecting the initial and final pH values of the kinetic experiments at 13 and 9.4, respectively, at a protein concentration of 4 mg/ml (11) . We adopted that condition in the current investigation and successfully observed the kinetic IR spectra for the folding of SMN (SI Text). We identified a component assignable to solvated helix for the two kinetic intermediates, I 1 and I 2 . Furthermore, we identified major and minor amide IЈ lines characteristic of ␤-sheet for I 2 . Interestingly, the two lines for ␤-sheet in I 2 had both shifted to lower frequencies than those of the native protein. The low-frequency shift of the lines for ␤-sheet was similarly observed in the equilibrium intermediates in the alkaline unfolding transition of SMN. As we will explain below, the detailed spectroscopic characterization of the equilibrium states enabled us to interpret the low-frequency shift of the amide IЈ lines to solvated ␤-sheet. The identification of the lines in the kinetic folding process has a significant implication on the folding mechanism of SMN.
Structural Property of Equilibrium Conformations. The first equilibrium intermediate in the alkaline unfolding transition of SMN, I eq2 , is formed from N with a pK a of Ϸ10.2. The CD spectrum for I eq2 is similar to that of N except for the region around 235 nm assignable to aromatic residues. In addition, we observed a significant quenching of Trp-4 fluorescence for I eq2 compared with that of N. These observations suggest structural changes around Trp-4 without a drastic destruction of secondary structures. In the x-ray structure of NMEI (29), Trp-4 is sandwiched by Met-42 and Lys-44. The association of sulfur-containing residues with Trp is known to quench Trp fluorescence moderately (33) . Furthermore, the contact between Lys and Trp should be stabilized by a cation-aromatic interaction (34) . Thus, we suggest that the sandwich structure by Met-42, Trp-4, and Lys-44 is present in I eq2 but is modulated in the transition from N to I eq2 .
The examination of the IR spectrum for I eq2 suggests the presence of water in the interface between ␤-sheet and ␣-helix. The second derivative IR spectrum for I eq2 possesses a negative peak at 1,637 cm Ϫ1 , which is assigned to solvated ␣-helix, in which the amide CAO group accepts hydrogen bond from water in addition to the hydrogen bond from amide proton (25, 26, 35, 36) . Although the line is not sometimes apparent in helical proteins at room temperature because of thermal fluctuations of the hydrogen bonds (25, 37) , helical polypeptides that are fully exposed to water show the line at room temperature (35, 36) . The second derivative spectrum for I eq2 also possesses features at 1,626 and 1,683 cm Ϫ1 assigned to the major and minor amide IЈ, respectively, of the ␤-sheet split by transient dipolar coupling (19) (20) (21) . To obtain detailed structural information of the ␤-sheet, the average and difference of the major and minor lines were estimated (Table 1) , which roughly correspond to the intrinsic frequency and twice the coupling constant between the nearest CAO groups in the adjacent strands, respectively (19) (20) (21) . Although the splitting of I eq2 (56.9 cm Ϫ1 ) is smaller than that of N (57.9 cm Ϫ1 ), the similarity in the CD spectra for N and I eq2 indicates that the ␤-sheet of I eq2 is still packed. The intrinsic frequency shows a small low-frequency shift (3.4 cm Ϫ1 ). Because the hydrogen bonding interaction on amide CAO by water causes a low-frequency shift of amide I (25, 26) , an additional interaction between amide CAO in the ␤-sheet and water likely occurs in the transition from N to I eq2 . The appearance of a solvated helix and small changes in the CD spectrum for I eq2 support our interpretation. The amide IЈ lines for ␤-sheet are known to demonstrate a low-frequency shift under high pressure, which is generally explained by the elastic compression of hydrogen bonds (38) . The explanation is less likely to apply to the current observation conducted at ambient pressure. Interestingly, penetration of water in the core cavity of proteins is demonstrated in the high-pressure crystallographic analysis (39) . We propose that water penetrates inside the interface of the helix and sheet in I eq2 without causing a drastic destruction of the ␤-sheet.
The next intermediate, I eq1 , appears in the pH region between 11.0 and 11.9. It possesses reduced CD values at 216 nm, showing a reduction in ␤-sheet content. I eq1 has a weak fluorescence spectrum, whose maximum (348 nm) implies that Trp-4 is still The IR spectra for the kinetic components observed during the folding of SMN. All of the time-resolved spectra were analyzed by using the global fitting procedure based on a sequential folding scheme with three components in addition to the initial unfolded state. The extracted spectra for the components I (red), II (green), and III (black) were assigned to I 1, I2, and N, respectively. The FTIR spectrum of the unfolded state at pD 13.0 (blue) is shown for comparison. (C) The second derivative spectra of the U (blue), I 1 (red), I2 (green), and N (black) states.
partially buried from solvent. We suggest that Trp-4 maintains contact with Met-42. The IR spectrum of I eq1 displays features for solvated helix (1,635 cm Ϫ1 ) and for ␤-sheet (1,624 and 1,680 cm Ϫ1 ). The splitting between the major and minor lines for ␤-sheet is 56.4 cm Ϫ1 and is smaller than those for I eq2 and N ( Table 1 ). The smaller splitting suggests the reduced number of strands and/or an increase in the twist angle of the ␤-sheet (19, 40) . The drastic reduction in the CD intensity for I eq2 supports the former possibility. Furthermore, the low-frequency shift in the intrinsic frequency (6.1 cm Ϫ1 ) and the greater content of the solvated helix at 1,635 cm Ϫ1 imply that a larger amount of water penetrates the interface between helix and sheet. We conclude that the low-frequency shifts in the amide IЈ lines of the ␤-sheet are caused by the hydration of main-chain amides. Thus, detailed structural information on the ␤-sheet can be obtained by examining the transient dipolar coupling and the intrinsic frequency of amide IЈ.
Dynamic Conformational Transitions in the Folding of SMN.
The kinetic IR investigation on the process after the pD jump from 13 to 9.4 revealed detailed information on the folding of SMN. The kinetic spectrum obtained at 150 s after the pD jump resembles that of the unfolded conformation and possesses no features of a ␤-sheet. However, the second derivative spectrum for I 1 clearly shows a component at 1,637 cm Ϫ1 , which is assigned to solvated helix with a content of Ϸ11%. Thus, the IR results show that there exists a significant amount of solvated helices in I 1 . In addition, several weak features are seen at 1,666 and 1,675 cm Ϫ1 , which are assigned to turns. These observations can be compared with the previous structural data on I 1 (11). At 300 s after the initiation of folding, we observed a very small change in the CD spectrum in the far-UV region, which is consistent with the small amount of ␤-sheet. Interestingly, the CD spectrum shows a small change around 233 nm, which can be ascribed to the aromatic residues. In addition, the Trp-4 fluorescence in I 1 is quenched. Together with the time-resolved SAXS results showing the collapsed conformation within the mixing dead time, we suggest that the specific structures around Trp-4 are formed in this time scale. The N state of SMN possesses a major hydrophobic core in the interface between ␤-sheet and helix. To explain the collapsed conformation of I 1 and the current IR results, we propose that the major hydrophobic core is loosely assembled and that the N-terminal of SMN forms some specific structures. These structures should be fluctuating, however, because the hydrophobic extrinsic dye cannot bind to I 1 (11) .
The next intermediate, I 2 , accumulates at 250 ms after the initiation of SMN folding. The kinetic IR spectrum for I 2 shows features at 1,637 cm Ϫ1 for the solvated helix (12%) and at 1,627 cm Ϫ1 (34%) and 1,680 cm Ϫ1 (3%) for the ␤-sheet. Whereas the content for the total of solvated helix and ␣-helix for I 2 (17%) is comparable to that of N (17%), the total content for ␤-sheet (37%) for I 2 is slightly smaller than that of N (43%), indicating that an additional stabilization of secondary structures is likely necessary to form N. The splitting of major and minor peaks for the ␤-sheet (52.5 cm Ϫ1 ) is smaller than that of N (57.8 cm Ϫ1 ), implying that the formation of the main-chain hydrogen bonds in ␤-sheet is not completed in I 2 . The frequencies for the major and minor lines of the ␤-sheet are both lower than those for N, corresponding to the low-frequency shift of the intrinsic frequency by 4.6 cm Ϫ1 (Table 1) . Thus, we conclude that the main-chain CAO in the ␤-sheet is hydrated. Together with the significant amount of solvated helix (12%), we interpret that the core domain in I 2 is hydrated. The interpretation is consistent with the fluctuating core domain suggested from the binding of the hydrophobic dye in I 2 (11) . The time-resolved SAXS measurements showed that I 2 possesses small R g and an overall oblate shape that are indistinguishable from N. The kinetic CD data at 216 nm for I 2 is enhanced more than that of I 1 . These observations are in agreement with the formation of the hydrophobic core that is composed of the solvated helix and sheet.
The features of I 2 obtained from the kinetic IR, CD, and fluorescence data are similar to those of I eq2 except for the larger splitting of amide IЈ for ␤-sheet (56.9 cm Ϫ1 ) than that for I eq2 (52.5 cm Ϫ1 ). The other equilibrium intermediate (I eq1 ), which is most stabilized at pD Ϸ11.5, was not detected during the kinetic measurements at pD 9.4 likely because of the destabilization at lower pD.
Coincidence of the Dehydration with the Rate-Limiting Step of Protein
Folding. The final process of SMN folding detected by IR spectroscopy is the conversion of the water-penetrated core to the dehydrated core and the additional stabilization of secondary structures. The corresponding process was observed in the folding of apoMb, in which the dehydration of the solvated helix occurs in the rate-limiting step (14) . Considering that SMN and apoMb possess distinct folds and secondary structures, the dehydration dynamics, coincident with the rate-limiting step, is likely the general property of protein folding. The observations do not support the dewetting mechanism of polypeptide collapse, which explains the collapse as a contraction process of polypeptides inside a preformed microbubble and assumes the drying of water in a single step (41) . The current observation is rather consistent with the water expulsion mechanism, in which water is expelled from the collapsed domain in a stepwise manner as demonstrated in several model calculations and molecular dynamics simulations (4, 7, 42) . The origin of the stepwise expulsion was frequently suggested to be the stabilization of the direct contact between water and hydrophobic molecules (43, 44) . We further suggest that hydrogen bonding interaction between main-chain amides and water might contribute to the slow dehydration. Although the current IR results do not directly provide information on the energetic importance of the hydration effects, it has been proposed that the expulsion of water molecules, which occurs in passing from the intermediate state to the transition state (45, 46) , makes the rate-limiting transition state enthalpically unfavorable. The solvation enthalpy for amides is known to be significantly larger than that for hydrophobic molecules (5, 6) . Therefore, we propose that the dissociation of hydrogen bonds between water and main-chain amides generally contributes to the enthalpic barrier in the rate-determining step of the folding of proteins.
Several additional features of the amide IЈ spectra for the kinetic and equilibrium intermediates have an important implication on the folding dynamics. First, the observed amid IЈ frequencies of the ␤-sheet in the equilibrium and kinetic intermediates appear at distinct locations without significant broadening or splitting. Considering that the transient dipolar coupling of amide I causes a ␤-sheet as a single vibrating unit by working mainly between the adjacent CAO (19), the observation suggests that the intermediates are not composed of fragments of several ␤-sheets but possess a single ␤-sheet. A recent observation on the importance of this cooperative effect in the hydrogen bonding network in the secondary structure might also explain the apparent homogeneity of amide I in the ␤-sheet (47). Second, we found that the low-frequency shift in the intrinsic frequency for the ␤-sheet caused by hydration (Ϸ5 cm Ϫ1 ) is smaller than that for the ␣-helix (Ϸ15 cm Ϫ1 ). The difference shows that the hydration strengths for the different secondary structures in the collapsed intermediates are distinct. It was proposed that a partial dehydration of amides by side chains regulates the propensity for secondary structure formation (15, 16) . The results suggest that the hydration dynamics might regulate the formation of secondary structures in the collapsed conformation. Further examination of the folding dynamics of proteins based on kinetic IR spectroscopy will reveal rich interplay between water and the structural dynamics of proteins.
Materials and Methods
Preparation of SMN. All chemicals were of reagent grade (Wako Chemicals). SMN used in this study is the single-chain variant of monellin and was prepared as described by Konno (28) . We previously confirmed the monomeric conformation of SMN throughout its kinetic folding process induced by the pH jump from 13.0 to 9.4 at the protein concentration required for the kinetic IR investigation (11) . Lyophilized SMN was dissolved in D 2O and centrifuged to remove insoluble components. The dissolved SMN was thermally unfolded to fully deuterize the protein and then lyophilized. The lyophilized SMN was again dissolved in D 2O and centrifuged. The protein concentrations were confirmed by measuring the absorption at 277 nm ( 277 ϭ 1.46 ϫ 10 4 M Ϫ1 ⅐cm Ϫ1 ) (28) . The amount of SMN consumed for the entire measurements was Ϸ2 g. All pD measurements were made with the pH meter (P260; Beckman) equipped with a glass electrode at room temperature. To correct solvent isotope effect on the glass electrode, the direct pH meter reading was corrected by adding 0.40.
The Equilibrium Measurements. SMN samples at various pH (pD for IR measurements) were prepared by mixing two solutions with appropriate ratio: the native state in 50 mM glycine buffer at pH 7.0 and the alkaline unfolded state in 50 mM glycine at pH 13.0. The final protein concentrations for CD, Trp fluorescence, and IR measurements were 15, 5, and 180 M, respectively. We used a FTIR spectrometer equipped with DTGS detector (FTS-575C; Bio-Rad) that is continuously purged with dry air gas. Interferograms of the samples were acquired at 2-cm Ϫ1 resolution 512 times and Fourier-transformed with a four-point triangular apodization function. Full deuteration of the amide groups was confirmed by the absence of NH and CNH vibration lines at 1,550 and 3,300 cm Ϫ1 , respectively, in the FTIR spectra. The analysis methods of the equilibrium data are described in SI Text.
Time-Resolved IR Measurements. The kinetic IR spectra were obtained by using an IR spectrometer (FTS-575C) and a microscope (UMA-500). These were continuously purged with dry N 2 gas to remove the vapor in the system. The IR light was focused to a spot (100 m) at the observation channel by a casegrane of the microscope. Progress in the folding reaction was detected by moving the mixerflow cell assembly to the focusing point of the IR light. Interferograms were acquired at 4-cm Ϫ1 nominal resolution 64 times and Fourier-transformed to the single-beam spectra with a four-point triangular apodization function by Win-IR (Bio-Rad). The temperature of the solution was monitored by using a thermocouple placed at the exit of the flow cell. Three kinds of continuous-flow mixers were used to initiate the folding reactions by mixing the solution of alkalineunfolded SMN and 100 mM glycine buffer at a volume ratio of 1:1 to a final pD of 9.4 at 25°C. The final concentration of SMN was 1.4 mg⅐ml Ϫ1 . The IR spectra in the time domain from 150 s to 5.0 ms were obtained by using the T-shaped mixer whose observation flow channel is 100 m wide and 100 m deep (31) . The flow speeds of the solution in the observation channel of the mixer were 16.8 and 8.4 m⅐s Ϫ1 for the observation of the time domains between 150 s and 1.1 ms and between 1.0 ms and 5.0 ms, respectively. The different continuous-flow mixer developed by Unisoku was used to monitor the IR spectra in the time windows between 10 and 23 ms (14) . The kinetic spectra after 50 ms were obtained by introducing solutions mixed by Nanomixer (Upchurch) (48) to the flow channel with 100-m width and 100-m depth.
